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ABSTRACT

Context. Helicity is a fundamental property of magnetic fields, conserved in ideal MHD. In flux rope topology, it consists of twist
and writhe helicity. Despite the common occurrence of helical structures in the solar atmosphere, little is known about how their shape
relates to the writhe, which fraction of helicity is contained in writhe, and how much helicity is exchanged between twist and writhe
when they erupt.

Aims. Here we perform a quantitative investigation of these questions relevant for coronal flux ropes.

Methods. The decomposition of the writhe of a curve into local and nonlocal components greatly facilitates its computation. We use it
to study the relation between writhe and projected S shape of helical curves and to measure writhe and twist in numerical simulations
of flux rope instabilities. The results are discussed with regard to filament eruptions and coronal mass ejections (CMES).

Results. (1) We demonstrate that the relation between writhe and projected S shapeiigque in principle, but that the ambiguity

does not &ect low-lying structures, thus supporting the established empirical rule which associates stable forward (reverse) S shaped
structures low in the corona with positive (negative) helicity. (2) Kink-unstable erupting flux ropes are found to transform a far smaller
fraction of their twist helicity into writhe helicity than often assumed. (3) Confined flux rope eruptions tend to show stronger writhe

at low heights than ejective eruptions (CMESs). This argues against suggestions that the writhing facilitates the rise of the rope through
the overlying field. (4) Erupting filaments which are S shaped already before the eruption and keep the sign of their axis writhe (which
is expected if field of one chirality dominates the source volume of the eruption), must reverse their S shape in the course of the rise.
Implications for the occurrence of the helical kink instability in such events are discussed. (5) The writhe of rising loops can easily be
estimated from the angle of rotation about the direction of ascent, once the apex height exceeds the footpoint separation significantly.
Conclusions. Writhe can straightforwardly be computed for numerical data and can often be estimated from observations. It is useful
in interpreting S shaped coronal structures and in constraining models of eruptions.

Key words. Magnetic fields — Magnetohydrodynamics (MHD) — Sun: corona — Sun: filaments, prominences — Sun: coronal mass
ejections (CMEs)

1. Introduction [1999:| Amari et al| 2000; Fan & Gibsan 2003; Torok & Kliem
] ) ] ; 9). The amount of twist or shear in
Observations of the solar corona display a variety of structur@sm can be quantified by the magnetic helicity. For a magnetic
that appear S shaped when viewed in projection on the diskfg rope, the helicity is proportional to the sum of its twist and
for example filaments with curved ends, soft X-ray sigmoidgyithe. The twist measures how much the field lines wind about
and magnetic loops that connectidrent active regions. The the magnetic axis of the rope, whereas the writhe quantifies the
presence of an S shape is regarded to be evidence for curr@gfical deformation of the axis itself.
carrying twisted or sheared magnetic fields which possess mag-
netic helicity. The link to helicity is underlined by the fact that The orientation of the S in helical structures on the Sun is
the orientation of the S shows a hemispheric preference, Hghly correlated with the prevailing sign of magnetic helicity in
other indicators of magnetic chirality (the helicity sign) do (e.gtheir source volume. For example, Rust & Martin (1994) found
IRust & Kumal 1996; Zirker et al. 1997). Coronal currents stog one-to-one correlation between the chirality of sunspot whirls
the energy required to power eruptio thes 2000). Indegfld the orientation (sinistral vs. dextral) of the axial field of fila-
it has been shown that active regions exhibiting a sigmoid@lents that spiral into their periphery. Here, an apparent, or true,
morphology are more likely to erupt than non-sigmoidal onegockwise (counterclockwise) rotation of the sunspot, associated
.1999). with positive (negative) helicity of its field, corresponds to for-
Twisted or sheared coronal fields carrying nearly forcevard (reverse) S shape of the filament end. Pevtsov et al.|(1997)
free volume currents, especially magnetic flux ropes, afeund thatforward (reverse) S-shaped sigmoids in active regions
central in models of filaments and prominences (e.guvere formed in predominantly positive (negative) helicity re-
/Aulanier & Démoulin [1998; [ Bobra et all _2008), of sig-gions for~ 90 % of the cases investigated. In the remaining cases
moids (e.g., Rust & Kumat_1906d; Titov & Démoulin _1999;ihe helicity sign of the host active region was ambiguous, which
[2008;| Gibson et al. 2004. Kliem ef al. 2004)is consistent with the possibility of a universal relation between
and of eruptions (e.d., Forbes & Isenberg 1991; Antiochos et #ile orientation of the S in such structures and their chirality. In
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Fig.1. A closed flux tube as seen from thredfelient angles.
The number of apparent crossings one sees depends on the vj -
ing angle. Crossings can be called left-handed (negative)dgmm)‘ It has been suggested that the writhing of the flux

I o : - : . 7rope’s upper part into the direction of the overlying field is en-
right-handed (positive), depending on the relative Orlent‘rj\tlonsegrgeticalIy favourable for its passage through the overlying field

the upper and lower field lines. The diagrams showdingive L&f]ecome a CMEL(S L 2001; Fan 2005). Thus, the
e

the two possible cases (up to rotation). The tube shown has . . ; . o
average crossing number,\arithe, of W = 0.566. Most view- atio?]rmatlons yield hints on thahysical processes of CME initi-

ing angles display a positive crossing, agbi. However, some . e . . -

angles do not show any crossings, agaj and there is a small . Third, the_ er’ghlng 1S the major factor in determ_lnlng the

set of angles which display a negative crossing, agjin(The Inal magnetic orientation of the CME (apart from influences

latter picture of the tube is obtained by viewing it from the top §uring the interplanetary propagation), which, in turn, is one of
e critical parameters that control the strength of the interac-

tion if the CME hits the terrestrial magnetosphere—géseffec-
tiveness. The final orientation can fier largely from the erupt-
a study of rotating erupting filaments, Green etlal. (2007) foungly structure’s initial orientation: rotations as large as°168ve
a one-to-one relationship between the sign of dominant heliseen reported (albeit the estimated angles are very approximate,
ity, the orientation of associated sigmoids, and the orientationgde Démoulin 2008; Yurchyshyn 2008, and references therein).
the rising filament's developing S shape (butlsee Muglachl et al. pespite the common occurrence of both stable and dynamic
for occasional exceptions in the latter association). helical structures on the Sun, measurements of the axis writhe
In addition to stable structures, erupting filaments and promf such structures have not yet been undertaken. So far, only es-
nences can also exhibit helical deformations. These eruptiaimsates based on qualitative considerations have been reported
are seen as rising loops in the corona, which in most cases feg.[Vrsnak et al. 1993; Riist 2003). This is mainly due to the
come the core of a coronal mass ejection (CME), or else fall bafel¢t that the observations have been limited to a 2D projection of
in a confined eruption. Their change of shape can be describeginsically 3D structures onto the plane of the sky. With the ad-
as a writhing of the filament axis out of the plane defined byent of theSTEREOmission, true 3D reconstructions of coronal
the filament’s foot points and apex, or equivalently, as a rotetructures are possible, as long as the angular separation between
tional motion of the filament axis in the upper part of the loothe twin satellites or between one of them and the Earth stays
about the direction of ascent. The total writhe varies widely fromithin certain intervals. Even for numerical simulations which
event to event, and is often acquired to a large part already in fievide the 3D magnetic field of evolving unstable flux ropes,
low and middle corona. Some very clear cases of such writhigige temporal evolution of twist and writhe has only extremely
have been described by Ji et al. (2003), Romanolet al. (2003)ely been quantified (Linton et/al. 1998). This is mainly due
\Williams et al. (2005), and Zhou etlal. (2006). These events ifir the fact that the calculation of these quantities based on their
clude a wide range of dynamical behaviour, from a confinggéneral definitions is a relatively complicated task. The compu-
eruption to the fastest CME so far recorded. The writhing in thetion of the writhe is greatly facilitated by its decomposition
course of eruptions has attracted interest for three main reasof® local and nonlocal components|in_Berger & Prior (2006).
First, it indicates that the erupting field has timagnetic Here we make use of these expressions.
structure of a freely moving flux rope, line tied only atits ends, at  Qur aim in this paper is to describe and discuss possible ap-
the onset of the helical deformation (e.g., Rust 2003; Green etgllcations of writhe measurements for both stable and erupting
)- objects in the solar corona. To this end, we first review, in §kct. 2,
Second, the observed deformations correspond exactlythe concepts of twist and writhe and the decomposition of the
the evolution of the helical kink instability of the current chanlatter. We study the dependence of writhe on the geometrical
nel in the core of a flux rope (hereafter KI) and have, thergroperties of helical curves, paying particular attention to their
fore, been taken as strong indication of this instability’s odieight above a plane and to the presence of dips. The relation-
currence [(Sakutlai_19i76; Romano €tlal. 2003; Rust & LaBorghip between shape, writhe, and helicity of S-shaped flux ropes
2005; [ Torok & Kliem [2005; Williams et al. 200%; Zhou et alis then discussed (Sekt. 3). In S&¢t. 4 we measure the conversion
[2006; Gilbert et al. 2007). The Kl transforms some of the twistf twist into writhe in several numerical simulations of unstable
of the field lines about the magnetic axis of the rope into writhmeagnetic flux ropes and discuss the implications of the results
of the axis. In doing so, it lowers the magnetic energy by reduior erupting filaments and CMEs. We also point out that esti-
ing the tension in the twisted field. Since this is an ideal MHD inmates of the writhe of erupting filaments can easily be obtained
stability and the coronais a nearly perfectly conducting mediufinpm their apex rotation as soon as the apex height significantly
the conversion of twist into writhe is constrained by the approx@xceeds the footpoint separation. Sedfion 5 summarizes the find-
mate conservation of the magnetic helicity contained in the ropys.
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(a) v (b) stays the same if we reverse the direction of the curve, because
: both segments above and below a crossing change direction.

Given a curve and a viewing angle, we can count the num-
ber of positive crossingd, and subtract the number of negative
crossingd\_. The result is an integer — however, this integer de-
pends on which viewing angle we are using. The writhe averages
N, — N_ over all viewing angles.

As a consequence the writhe of a circular coil depends not
only on how many coils there are, but on whether the coils are
fat or thin, i.e. on the ratio between its height and width (Eig. 2).
For thin coils, only special viewing angles (from near the axis)

(c) 0 will see crossings. But for fat coils most viewing angles display
crossings.
0. While the writhe is a property of a single curve, the defini-
0 tion of twist involves two curves, which can be viewed as the
0 : edges of a ribbon. Calugareanu (1959) derived a remarkable for-
5 0 mula for the structure of a ribbon. Consider two closely aligned
: curves, like the two sides of a ribbon or the two strands of a
= 0. e 7/2 DNA molecule. Assume that the ribbon or molecule closes upon
e ® = - 37/8 { itself, so that the two curves do not have endpoints. These two
@ = - n/4 curves link each other by some (integer) amounthey also
-0. ~ 1 twist about each other by some (usually non-integer) amount
‘ , , ,' ‘ , Let the writheW be the writhe of one of the two curves (alter-
0.0 0.2 0.4 0.6 0.8 1.0 hatively a central curve between the two). Then linking number

equals twist plus writhe,
height q P

Fig.3. A loop with one maximum, seen from the si(® and L=T+W @

the top(b). The nonlocal writhe is proportional to thefidirence  For our purposes we need two modifications. First, we are con-
in angle between the tangent vector at the top, and the line c@Brned with magnetic flutubes rather than ribbons. Also, our
necting the footpoints. This angleds — 6o = —7/3 for the loop  types are not closed: they have ends (footpoints) on a boundary
shown. The corresponding nonlocal writheVibonioca = 1/3  plane or planes. For these two reasons, we use modified expres-
while the local writhes ar@Vi jocal = Wajocal = —0.0573 fora to- - sjons for writhe as given in_Berger & Pridr (2006). For a mag-
talW = 0.219.(c): The writhe for the family of curves describednetic field, we can replace linking numblewith magnetic he-
by Egs. [EID). The horizontal axis gives the maximum heigfigity H, which averages the linking of all pairs of field lines. For
h of the curves, measured in units of the footpoint separatiofistraight flux tube of flus, the helicity isH = TF2. (By defi-
For the curves shown, the nonlocal writh@oniocas = —©/7 i pjtion, if field lines twist around the axis by an angledf 2r,
positive. All these curves display a reverse S shape as seen figghT = 1.) The twistT measures how much of the helicity is
above. generated by parallel electric currents. In particulas,denotes

arc length along the central field line of the tube, dnthe com-

ponent of current parallel to this field line, th&n= [ 9Tds, with

2. Twist and Writhe
dT _ po)y 2
2.1. Definitions ds ~ 4nB,’ @

Calugareanu (1959) introduced a quantity called writhe to mefye wyrithe for a curve with endpoints (e.g. the axis of an arbi-
sure how much a closed curve coils and supercoils. This qugiyy shaped flux tube) is defined by the magnetic Calugareanu

tity is extensively used in DNA research to describe the physiggimula (Berger & Field 1984: Matt & Ricca 1992)
e (Maggioni & Ricca 2008)

configuration of the DNA molecul

(in addition to the basic double helix structure, the molecule = (T + W) F2. 3
must be highly coiled in order to fit into a microscopic cell).

There are several equivalent definitions of writhe for closedicurrent-free tube has zero twist, by Eg. (2). Thus we can define
curves (e.d. Aldinger et Al. 1995; Berger & Pliior 2006). Perhap3e writhe of a curve also as the helicity (dividedms3) of a thin

the simplest definition to understand without getting lost igurrent-free flux tube which follows the curve.

mathematical details involves counting crossings in pictures of a

curve (see, for example, Figl 1). If we draw a two—dimensiongl, | ;- and nonlocal writhe

projection of the curve, it crosses itself a certain number of times.

Highly coiled or tangled curves will show many crossings, whilBerger & Prior (2006) give expressions for the writhe of curves
a non—intersecting curve confined to a plane will show no crosretching between two parallel planes, as well as loops with
ings at all (unless seen exactly edge—on). Crossings can beblath endpoints on a bottom plane. The method consists of sep-
belled positive or negative depending on the orientation of tlaeating the curve into pieces at maxima and minima in height
sections of the curve above and below the crossing, as showhét us suppose, for simplicity, that there is just one maximum,
the figure. Thus if an arrow pointing along the direction of that heightz = h. We first ask how much the two pieces, or legs,
lower curve rotates clockwise to match the direction of the uppratate about each other while rising from the bottom to the top
curve, then the sign is positive. Note that the sign of a crossi(ege FiglB). Leth, be the orientation of the tangent vector at the
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(b)

Fig. 4. The writhe for a family of dipped
curves with height function given by a
cubic spline (Eqs[Z11=14). All curves
haveu = 0.9. (a): the height function
Z(s) with maximum heighth = 0.6 for
w = 0.3,0.4,0.5,0.6. (b): A loop with
h = 06,w = 04, and® = -x/3.
The projection of this loop onto the bot-
tom plane is the same as in Hig. 3b, but
hereW = —0.03. (c): Writhe calculated
as a function of maximum heigttt for
fixed ® = —x/2. From top to bottom,
the curves havev = 0.3,0.4,0.5,0.6
(the colors correspond to panel [a)):
Writhe calculated as a function of max-
imum heighth for fixedw = 0.4. From
(d)] topto bottom on the left, the curves have
0.0 0.5 1.0 1.5 0= —ﬂ/8,—ﬂ/4,—3ﬂ/8,and—ﬂ/z.A”
] these curves display a reverse S shape as
height seen from above.

© O © o o o o

Writhe

-0.20

top of the loop with respect to theaxis. Also suppose that the (x(s), y(s), Z(s)) for 0 < s < 1. We choose the horizontal coordi-
line from the positive endpoint in the bottom plarze=(0) to the nate functions separately from the height function. A family of
negative endpoint has an orientati@n Then the two legs of the S shapes can be generated using the form

curve rotate about each other fjy— 6y. The quantity

X(s) = (s—1/2)coH(s); (7
1 ¥(s) = (s-1/2)sind(s); 8
Whonlocal = _;(eh - 90) (4) 9(5) — 4@5(1 _ S). (9)

contributes to the total writhe. It is called tmenlocal writhe, The numbe® determines the maximum amount of rotation of
because for most of their lengths, the two legs are far away fréh$ curve: for® = 0 the curve remains within the - z plane,
each other. Similar formulae can be derived for loops with moYéhile for ® = /2 the top of the curve is oriented perpendicu-
than one maximuni_(Berger & Pribr 2006). larly to the line between the endpoints.

In addition, each leg on its own may contribute to the total e &lso need a height functiage). Figure[3a,b employs a
writhe. An individual leg may have a helical shape, for exampl@arabolic shape
The individual contributions will be calleldcal writhe. Thus for - z(s) = 4hs(1 - ), (10)
a loop with legs 1 and 2, we have the decomposition

whereh is the maximum height, an@® = —x/3. The curve ex-

W = Wi ocal + Watocal + Whonlocal - (5) hibits a reversed S shape when seen in projection on the bottom
plane (Fig[Bb).
Let T1(2) be the (unit) tangent vector to leg 1 at heighand let ~ For curves of this form, local and nonlocal writhe give con-
T/ = dT/dz be its derivative with respect to height. Then on#ibutions of opposite sign. We can ask what the writhe will be
finds as a function of height and maximum rotatio® (see Fig[Bc).
For tall curves, the nonlocal writhe dominates, while for short
1 (M 1 , curves the local writhe dominates. Thus, for a gi@rthe sign
Wiloca = gj; ) (T1xT3).dz (6)  of writhe depends on the height of the curve. For the family of

curves shown in Fid.]3, the writhe vanishes for all curves with
with a similar expression foi, (se€ Berger & Pridr 2006). h ~ 0.37. Hence the writhe can be zero, even if the curve exhibits
If only the S shaped projection of the loop onto the botto@n S shape when seen from above. ) )
plane is available, as it is often the case in solar observations, we Changing the height function seems to make littkéetence,
can still infer the sign of the local writhe. If the loop bends s long as the height function has only one maximum. For exam-

a clockwise (counterclockwise) manner from the apex to eithle, for z(s) = hsin(rs) we find almost identical values for the
footpoint, the local writhe is positive (negative). writhe; the crossover height where writhe vanishes goes down to

nearh ~ 0.36. A quadratic functioa(s) = h(1 - (2s— 1)*) gives
_ _ similar results, with crossovets~ 0.37-Q038.
2.3. Height dependence of writhe The writhe graphs do change if the curve has more than one
. . . . aximum. Consider a loop with a dip at its central part. We keep
To illustrate how the writhe behaves, we consider a family (Ir)ﬁe same horizontal coordinate functions as defined in Efs. (7—

basic loop shapes. Place the endpoints of the loops @tz) = . . ; X .
(-1/2,0,0) and & .2 = (1/2,0,0). Thus the horizontal dis-%)ag;‘itnggab”ygﬁl;hfoﬂﬁ'iggtn‘;””Ct"’” o a cubic spline. The spline
ill

tance between the endpoints is one; equivalently, all lengths w
be scaled to this distance. Let the axis of the loop be a curve Z(0) = z1)=0; (112)
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8 = -m/2 Since a projected S shape of a curve rooted at both ends in
‘ ‘ 7 the photosphere is an immediate signature of the writhing of the
| 1 curve out of a plane, one is tempted to expect a unique relation-
f 1 ship between the orientation of the S and the sign of the curve’s
total writhe. However, as shown in_Berger & Prior (2006) and
in Sect[2.8B, this relationship it unique. The ambiguity can
affect the relationship between the orientation of S-shaped flux
ropes and their chirality, since the total axis writhe contributes to
the helicity. This leads to the question why the solar observations
indicate such a strong association between S shape and chirality.
Let us recast the two striking properties of curves with an
S-shaped projection, which are apparent from the results in
0.9 Sect[2.B. First, for curves without a dip, the sign of the total
' ' ‘ writhe will flip if the apex heightis changed in a certain range
e i he A Cal e while the S orientation is kept (Figl 3c). Equivalently, if the sign
width of the total writhe is kept, the orientation of the S will flip (see
Figs[6 and 1 below). The flip occurs foof order 0.4 the foot-
writhe changes sign, for flerent dip strengtha, shown as a Eointdistance, vyhich is relevant for s_olar filaments. Second, the
function of the distan’ces between the maxima (Sf the height furfgr e ee OF disappearance of a dip (of rather moderate depth
9 r’[ETg.IZII]) in a curve of stficient heightf > 0.4) can flip the sign

tion (see text for details), fa® = —x/2. Note that the crossover . . . A
heights are practically independent@{Fig.@d). gl;g)total writhe if the S orientation is kept (compare Figs. 3

Crossover Height
O O 0O R B R R R
OB O ® O N B O ®

Fig.5. Heights of the maxima of dipped curves at which th

These results demonstrate that care is needed when deriving
the sign of the writhe from the observed orientation of S-shaped

A05-w/2) = 205+w/2) = by (12) structures on the solar disk. It must be ensured that the height
Z(0.5-w/2) = Z(0.5)=Z(0.5+w/2) = 0; (13)  of the object is estimated correctly, and the possibility that the
7(0.5) = uh; (14) object’s axis has a dip must be taken into accouhtif0.4.

First consider filaments. The height of stable filaments falls
in addition, second derivatives match at the extrema. The parasgtow the limith ~ 0.4 in most cases. The presence or absence of
eteru gives the amount of dip, e.g. = 0.9 gives a 10 per cent a dip is then irrelevant for the relationship between the S orien-
dip (Fig.[4), andw is the distance of the maxima. Note that theéation and the sign of the total writhe. For erupting filaments, on
horizontal shape has not changed; the dip is not visible if tiige other hand, it is often possible to follow their evolution into
curve is seen from above (F[d. 4b) . the height rangh > 0.4, especially in EUV observations. If fila-

For these curves, there are two maxima and one minimufents rise to such and greater heights, they hardly ever display a
Let the tangent vector orientations at the maxim@fg.xand dip in their top part (see Secfs_#.3 4nd 4.4). Thus, in practice, S
2max With orientation at the minimuninin. Then we replace shape and writhe can be unambiguously related to each other if a
Eq. (4) with distinction is made between low-lying (stable) and high-arching

(erupting) filaments and intermediate cases are excluded.
(15) The observed correlation between the magnetic orientation
(sinistral vs. dextral) of stable active-region filaments and the

For such curves, the writhe often has the same sign for all heigRi€ntation of their curved ends in the vicinity of sunspots with
h (see the bottom two curves in Figl 4c). Note that forwar§nirs (Rust & Martin 1994; Zirker et al. 1997) then implies that
(reverse) S shape then gives positive (negative) writhe, for g{ch filaments possess positive (negative) writhe if the orienta-
heights. For some dip shapes (e.g., the top two curves ifiFig. 48 of their axial field is sinistral (dextral). Thus, the sign of
there is still a change in sign of writhe, but affdrent (and usu- W the is identical to the chirality of the sunspot field near the end
ally larger) heights than in the curves without a dip. For exarfRf the filament. This corroborates the expectation that such fila-
ple, Fig3d shows the particular case= 0.4 for four different MeNts are threaded by field emanating from the sunspot, which
values of rotation angl®. As in the curves without dips, the SU99ESts that the chirality of their field is right (left) handed for

crossover height (here nefae 0.9) is almost completely insen- the sinistral (dextral) orientation of the axial field. Also, it allows
sitive to the rotation angle. for the possibility that writhe helicity contains a considerable

Figure[ shows that the range wf which yields a sign fraction of the helicity of the field that threads such filaments.

change of writhe, decreases with increasing dip strepgfor The above relationships also have an interesting implication
w > 0.45, the writhe does not change sign for all< 0.95. for erupting filaments which start from low heights £ 0.4),
Hence, in order for a sign change of writhe at a certain heightRgSSess writhe (S shape) already before they rise and keep the

occur, the dip must be relatively small, both in width and depti§!9n Of writhe during their evolution. These filaments must re-
verse their S orientation in the course of the rise. We will con-

sider this in Seci.413.
3. Sign of writhe and helicity for S-shaped coronal ~ The relation between S shape and chirality is likely to be
flux ropes simpler for sigmoids. These sources are supposed to lie in sep-
aratrix surfaces or quasi-separatrix layers of the field under-
The height dependence of writhe for loop-shaped curves aieath flux ropes| (Titov & Démoulin_1999), especially if they
tained in Sect[]2 has implications for the relation betweenf&m a continuous S (Gibson et al. 2004; Green & Kliem 2009).
shape, sign of axis writhe, and chirality of coronal flux rope§onsequently, they outline low-lying helical field lines at the pe-
which we discuss in the following two sections. riphery of a flux rope, not the axis of a rope. The writhe of these

1
Whonlocal = — ;(91 max + 62 max — Omin — 60).
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Fig.6. (a,b): Two kink-unstable flux ropes, displayed by isosurfaces of current density (from Torok et al. 2004). Both simulation
start from the same configuration with left-handed twist (i.e. negative helicity) and zero axis writhe, but with oppositely directe
initial perturbations. The top panels show a top view and the bottom panels show a side view. The rope in (a) kinks downward
develops a reverse S shape when seen from above. The rope in (b) kinks upward and develops a forward S shape when seer
above.(c): Top view on the magnetic axis of the downward kinking rope, shown at the same time as(d):(&ame as (c) for

the upward kinking rope. Contour plots of the vertical magnetic field in the bottom plane are included in (c) and (d). White (blacl
contours shovB, > 0 (B, < 0).

field lines has the same sign as their twist (i.e., as the twist heltescribed byh = 0.26,w = 0.57, = 0.60, and® = —r/4.4.

ity of the rope), and it has a unique relationship to the S orienf@he rope axis runs relatively flat, has a strong dip, and the two

tion. maxima are relatively far away from each other. From our con-
siderations in Sedi. 2.3, we therefore expect the writhe to be neg-
ative. The negative sign of the writhe follows also, of course,

4. Writhe of erupting flux ropes and filaments from the conservation of magnetic helicity in the course of the

. . . . . _jnstability. The axis writhe i®V = -0.26, with W, = 0.23,
In this section, we measure the writhe of the magnetic axis OW v 1oca

X : ; - 99 > = —0.49 (the latter being made up of contributions
flux rope in the course of ideal MHD instabilities in numerlca_Sf’E'gCgt the minimEJm ang0.13 at gach maxiFr)num).

simulations, and we discuss the implications of the results for ) .
filament eruptions and CMEs. In flux rope geometry, the spin% The axis of the upward kinking rope develops a forward S
of a filament follows the magnetic axis of the rope closely (e.{., ape when seen from above (Hig. 6b). It has only one max-

08). All simulationdMum, ath = 0.53. This height is larger than the crossover

presented below integrate the ideal MHD equations and use fgight for curves with one maximum (Sect.]2.3), hence we ex-
analytical coronal flux rope model bﬂiIQAL&_D_ém_O_LllllD_(lﬂB%PeCt the writhe to be negative. Again, this follows from helic-
as initial condition. The model consists of a line-tied, archelly conservation. We fin# = ~0.30, with Wioey = ~0.01 and
and twisted magnetic flux tube embedded in an arcade-like plfoniocal = —0.29 (@ = 7/3.5). Note thatWocar and Whoniocal

tential field (seé Titov & Démoulin 1999 for details). The erupllave the same sign, which is never the case for the family of
tions of the flux rope are driven either by the helical kink insta>-Shaped curves with one maximum discussed in Be¢t. 2.3. This

bility (K1) alone, or by the combined action of the KI and théﬂ_iscrepancy is due to the fact that the flux rope axis inthe_ simula-
torus instability VAt e 06. hereaftdion is not perfectly S-shaped when seen from above [Fig. 6¢,d).
TI). Numerical difusion permits magnetic reconnection to occURather, close to the footpoints, the axis bends in the direction
where current layers steepen in response to the developmerfiRROSIte to the overall orientation of the S, contributing nega-
these ideal MHD instabilities. In all simulations, we measure thi¥€ local writhe. This additional bending is an indication for the

writhe of the rope’s maanetic axis usina Ed34—6@nAd 15). occurrence of KI eigenmodes with axial wavenumbers 1
P g 9 Bqslte ) (see, e.g!, Linton et al. 1998), which seems plausible given the

relatively large twist used in the simulations. As a consequence,
4.1. Kink-unstable magnetic flux ropes the local writhe changes sign as one follows the axis from the

Both types of curves discussed in Séctl] 2.3, with and Witho%lfseﬁ;gezltgj&,;?é?géﬂg;gg'icnhsmls notztge case for the perfectly
a dip at the apex, are realised in the 3D MHD simulations 0 e

kink-unstable flux ropes Hy Torok etldl. (2004). Figlire 6 shows Note that the W_rithe o_f the_ two kinked ropes is very simi-
snapshots of the current channel in the core of the flux ropel@: Thus, the two simulations illustrate that flux ropes of equal
the course of the instability for two of these simulations. Botf/ithe can have opposite orientations of their projected S-shape,
simulations start from the same flux rope configuration with @Pending on the apex height.
left-handed average twist angle ®f= 22T = —4.9x and van- Let us now consider the amount of twist that is converted
ishing writhe of the axis (whose projection on the bottom plarieto writhe in the course of the Kl for the cases shown in Eig. 6.
is a straight line). In the following we will use the twist angle irSince the Kl is an ideal MHD instability, both the axial flux and
guantitative statements. Its end-to-end value is calculated astta helicity of the flux rope must be conserved, i.e., twist must
average over the cross-section of the current channel in the dogeconverted into an equal amount of writhe of the same sign.
of the flux rope[(Torok et al. 2004). However, we must take care when calculating the twist con-
The downward kinking rope shown in Figl 6a has a dip imerted within the entire rope, since flux surfaces far away from
its middle part and displays a reverse S shape when seen fithim axis might bend in a flerent way than the axis (for example
above. Using the parameters defined in Sect. 2.3, its axis cariftibe flux rope expands significantly). In the simulations shown
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2002-May-27
18:12:31

Fig. 7. Confined filament eruption on 2002 May 27 observe
by TRACE in the 195 A band, and magnetic field lines outlining
the core of the kink-unstable flux rope in the confined eruptic
simulation by Torok & Kliem (2005). The flux rope axis in the
simulation has a writhe &V = 0.67 at the state showh £ 377
[Alfvén times], apex height 1.1 times the footpoint distance;
see also Fid.]9a). Note that the flux rope twist in the simulatic
was chosen right-handed, in order to account for the morpholc
of the kinked filament.

in Fig.[d, this is not the case, so we can estimate the twist cc
verted within the entire rope (not just in the vicinity of its axis,
from the axis writhe. The writhg&/ = -0.26 (W = -0.30) for =
the downward (upward) kinking rope correspondsto a convertg

twist of ® = —0.527 (® = —0.60x). In order to check the reli- . . . ) )
ability of this estimate, we independently measure the flux ropie!l0Spheric Observatony the 195 A band at 02:12 UTby):

twist for the upward kinking case at the stage of the evoluti e same filament as in (a), observed as CME core by HAO's

shown in Fig[®b, using Egs. (12—13)(in Berger & Erior (2006 guna Loa Sola}r Observatory Mk4 white-light coronagraph at
We find that the converted twist measured that way and the vaflfeo+, UT- The filament as seen by EIT does not show indica-
estimated from the axis writhefer by less than 1%, as long a Ions for the occurrence of a significant rotation about its rise
we exclude flux surfaces very close to the rope surface, whajgection, vvhereas the CME core does (note the crossings of
the twist is strongly nonuniform (see Fig. 004§hS legs).(c): Two snapshots of the CME simulation in Torok
This shows that the twist converted in the course of the Kl ¢ Kliem (2005) at the same viewing angle b_ufférent spatial
be reliably estimated from the axis writhe if the inhomogeneitFaS: taken at = 22r4 (left) andt = 43ra (right). The apex
of the radial twist profile and its changes remain modest. It alf§'9nt of the flux rope axis is, respectively, 0.88 and 3.8 of the
shows that the helicity is conserved to a high degree of accur tpoint distance (Wh'(.:h Is 3.3 times the initial apex height).
in the simulation. e total (nonlocal) writhe of the axis is, respectivel).254
Interestingly, the amount of converted twist0{0.5-0.6) = (-0.212) and-0.623 (-0.518).
at the stage of the instabilities shown in Hig. 6 is smaller (only
~ 10 % of the initial twist) than one might intuitively expect
from the relatively strong deformation of the flux ropes. It i&y, in very good quantitative agreement with a confined filament
often assumed that the Kl converts a twist:@r, which proba- eruption observed on 2002 May 27 (5ee Ji &t al. 2003).
bly arises from the fact that helically deformed structures on the |n the second simulation (hereafter TK2; Fig. 8), the poten-
Sun typically exhibit one helical turn, and are therefore often bgal field decreases much faster with height. As a result, the TI
lieved to have a writhe af1 (e.g[Rust 2003, see also Sect. 4.2}ets in once the Kl has lifted the rope to a height where the po-
However, as Fid.]2 shows, the number of helical turns of a curigntial field drops & sufficiently steeply. The rope is then addi-
or flux rope can be very fferent from its writhe, so that estima-tionally accelerated by the Tl and eventually ejected. The flux
tions of writhe (and of twist converted in the course of the Kljope rise characteristics could be scaled to closely match the ac-
cannot be made from the observed number of turns alone. In fegeration profile of a CME on 2001 May 15 (see Maricic ét al.
following subsection, we will investigate the conversion of twi§2004).
into writhe in the course of flux I’Ope instabilities in more detail. Here we measure the evo|uti0n of the Writhe Of the ﬂux rope
axis in these simulations. As in the simulations described in
Sect[4.1, the writhe vanishes initially. Figlite 9 shows the evolu-
tion of W, of Whonioca, @nd of the apex rotation. The rotation is
[Torok & Kliem (2005) presented two simulations of eruptingroportional toWhoniocal, Since the axis has only one maximum
kink-unstable flux ropes with identical initial average flux ropat all times. The writhe first grows exponentially, followed by
twist, |®| ~ 5r, and nearly identical geometrical rope parames transition to a saturation phase. The second strong increase in
ters, but diferent ambient potential fields. In the first simulatioTK1 att ~ 3574 is caused by an additional deformation of the
(hereafter TK1; Figl[l7), the potential field decays only slowlflux rope axis due to the onset of magnetic reconnection with
with height above the initial flux rope position. The rope ascentise overlying field around this time (see Torok & Kliem 2005).
driven by the KI (similar to the case shown in Fig. 6b), but it8onoca reachesy 0.5 in TK2, corresponding to a rotation of
rise terminates at an apex height08.5 times the initial height ~ 90°. A very similar value is found for the rope in TK1 before

ig.8. (a): Filament eruption on 2003 February 18 observed
the EUV Imaging Telescope (EIT) onboard tBelar and

4.2. Writhe in confined and ejective eruptions
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e w ) (b) ‘ ‘ ‘ develops due to writhing and is commonly regarded to be evi-
06 7 %or 1| dence of the Kl (e.gl, Gilbert et/al. 2007).

05 //// K2 We note that the inverseshape has been associated for the
04 two events shown in FigE] 7 afll 8 with a writhe+df and-1,

0.3 v 45f |  respectively (Rust 2003; Rust & LaBarite 2005). However, the
0.2 // values obtained from the simulations indicate that the writhe of
0.1 7% such structures is rather some number between 0 and 1. This ap-
0.0 =2l ‘ ‘ 40 : : : : pears plausible if one recalls that the writhe can be expressed

0 10 20 30 40 S0 MO TS 26 253039 as average crossing number (see $edt. 2.1 anfllFig. 1). Consider,
for example, the filament shown in Figl. 7: from the particular

Fig.9. (a): Absolute values of total writhe (dashed) and nonladewing angle of the observation we see one (positive) crossing
cal writhe (solid) as a function of time for the confined (bluepf the axis. Other viewing angles will display either one cross-
and ejective (red) flux rope eruption simulations in Torok anglg or no crossing, so that the average crossing number, i.e. the
Kliem (2005).(b): Absolute values of flux rope axis apex rowrithe, must be less than unity.
tation in degrees for the two simulations, as a function of axis
apex height normalized to its initial value. Note that the rota- .
tion is proportional to the nonlocal writhe (a nonlocal writhe of-3- €hanging S shape
+0.5 corresponds to a rotation e907). We plot absolute val- The simulations presented in Sefs] 4.1 &nt 4.2 all start from a
ues here since fferent signs (or handedness) of the initial flujyx rope which is straight in projection on the bottom plane.
rope twist were used in the simulations. Time is given in AlfvéRjjaments, however, often exhibit an S shape already in their
times based on the initial apex height of the flux rope axis aguilibrium state. In general, the spine of such filaments is a
the initial Alfven velocity at this pointra = ho/Vao. curve of nonvanishing writhe. In considering their eruption, we
assume that the magnetic field has formed a flux rope topology
before or in the early stages of the eruption. If the filament erupts
from a low height i < 0.4), keeping the sign of writhe (which
ki] expected if one chirality dominates the field in the source vol-
ume), then, according to Sedts. 2 &hd 3, a change of the S orien-
{ﬁteion must occur.

it starts to reconnect with the overlying field. As expected fro
Sect[Z.B, the nonlocal writhe clearly dominates the local writ
once the flux rope has fiiciently risen. In both simulations, the

rope develops a clear S shape when viewed in projection on Figure[10a—-b shows a filament eruption in which an initial

bottom plane. Lo .
. o L strong reverse-S shaped bending is completely straightened out.
The temporal evolution of the writhe is very similar in TK1, g b g pietely g

. ; 0 a forward S could not be witnessed. Figliré 10c—e shows an
acceleration of the rope by the TI spreads the rotation of t fupting filament that formed an incomplete S. As expected, it

r er height range (compare also Figs. 1 and 4.{fnged its J shape from reverse to forward while rising. See
Torok & Klieni [2005). The TI, which is a form of the lateraligomang et d[(2005), Rust & LaBohie (2005), and Greenlet al.

Kink inSt".ibi"tY’ primarily expan.ds the unstable flux loop, Wh”ﬁ@) for descriptions and discussions of the apex rotation and
the Kl primarily produces a helical shape. the magnetic environment in these events.

Given the nearly identical choice of the initial flux rope pa- Observationally, it is dficult to confirm the dynamic tran-
rameters in the two simulations, one can conclude fromEig. Rion from one complete S shape to the other (m et al.
that a stronger field immediately above the initial rope does i8§07). In order to demonstrate the transition, we perform a simu-
only resist the evolution into a CME mordfieiently, but also |ation similar to the ones described in SECT] 4.2, but now starting
produces a more pronounced writhing at low heights. This pom an initially S-shaped flux rope. To this end, we construct a
sociation is opposite to the suggestion_in Sturrock et al. (200hble numerical equilibrium of a modified version of the Titov
and Fahl(2005) that the writhing facilitates the rupture of an Ug- pemoulin (T&D) model, which contains such a rope. The
stable flux rope through the overlying field (which is of coursgype has left-handed average twisto..7 , similar to the ini-
strongest at low heights), and it underlines the importance ] twist in the simulations described above. Note that the helical
magnetic reconnection below the rope in permitting the eruptiggape of the constructed flux rope permits a larger twist in stable
flux rope to pass through the overlying field (e.g.. Lin & Forbesquilibrium than the original, toroidal T&D rope of identical as-
20007 Vrsnak 2008). pect ratio in rather similar ambient field. We trigger the eruption

Since the writhing in CMEs tends to be distributed over éf the flux rope by imposing slow, quasi-static converging flows
large height range (Fi@] 9b), much of it may escape detectiabwards the polarity inversion line in the bottom boundary. The
Typically, the writhing is apparent from the apex rotation of asonstruction of the modified equilibrium and the details of the
associated erupting filament or prominence observedaroH simulation will be described in a separate publication. Here we
in the EUV, and this is usually limited to the low and middleare merely interested in the evolution of writhe and S shape of
corona. Therefore, a significant rotation (and the KI) may occtie erupting flux rope.
in a larger fraction of CMEs than usually thought. Initially, the flux rope has a dip in its middle part and dis-

An illustrative example, the filament eruption and CME oplays a clear reverse S shape when seen from abovd (Fig. 11a).
2003 February 18 (F4n 2005; Rust & LaBohte 2005), is showdsing the parameters discussed in Ject. 2.3, its axis can be char-
in Fig.[8. The EIT data do not yield indications of a significanacterised by® = —x/3.5,h = 0.17,u = 0.91, andw = 0.43.
rotation, but the Mk4 coronagraph reveals that the legs of thespecting Fig[4, we expect an axis writhe of abelt2 for
CME core cross to form an “inversg’ shape when the core these values. Measuring the axis writhe, we filkd= -0.07.
reaches a height &f 1R, above the solar surface. Such a shaphs in the above simulations, the writhe is smaller than expected
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has developed a single maximum (i.e., the dip has disappeared),
its height is 027, and its writhe iV = 0.01. Subsequently, the
rope rapidly develops a forward S shape, and the writhe becomes
negative again. At the state shown in Figl 1iec=(64ra), one
findsh = 0.69 andW = —0.15. Except for the short period when
the writhe is close to zero (as is expected since the axis becomes
almost straight in projection in the reversal), it stays always neg-
ative during the rise of the rope. Therefore, a transition from a
reverse to a forward S shape must occur.

A qualitatively similar transition occurred in the simulation
of a kink-unstable erupting flux rope by Fan (2005; see her
Fig. 6a—b), although the flux rope equilibrium, the external po-
tential field, and the driving in the photospheric boundary all
differed from our simulation. Note that Fan displays only field
lines below the magnetic axis of the flux rope, but these extend
up to the vicinity of the axis, so that the actual rope axis must
behave in the same manner. Also note that the straightening of
the S occurs in the slow-rise phase for both simulations. These
results have interesting consequences for the occurrence of the
Kl in filament eruptions.

Fig. 10. Top row: Filament eruption on 2001 June 15 observed First, it is important to note that both systems are constructed

; . . . . _such that only one sign of helicity is present at the onset of the
by TRACE in 195A. (a): At 09:57 UT, just before the eruptlon.rge_ Thus, the initial reduction of the writhe (from a negative

The filament exhibits a clear inverse S shape in its upper pafly o 1 nearly zero) cannot be driven by a conversion of flux
ggs éttr all(g)l'?tgn gé'”onl?t tg?aferur?gfgﬁgﬂgvzh%?reng; t%%:t'gﬂ]n?rl] pe twist into Writh(_e under co_n_s_ervati_on of helicity, since _the
(c—e) Filament eruptién on 2000 June 6 observedI:EgACE in q\’an.t _ha§ the same sign as the |n|t|a_I erthe. In other words_, if an
. equilibrium flux rope possesses writhe (i.e., an S shape), its ini-
171 A at13:29:27, 13:31:34, and 13:32:20 UT, respectively. Thg| sjow rise, which must reduce the S shape to a nearly straight
filament (outlined by yellow dots) changes its orientation from,%pe, cannot be caused by a helical kink instability, since this
reverse J to a forward J. instability transforms twist into writhe. A éfierent process is re-
quired, which actually transforms writhe into twist. The details
of this process will likely require further study, but it is obvious
that the converging flows in the simulation of Figl] 11 and the
continuing emergence of a twisted flux rope through the bottom
boundary in_ Fd 5) were the drivers in the two simulations.
Second, the ability of the S-shaped flux rope to remain in
stable equilibrium for a higher twist than a straight flux rope
could accommodate, and the writhe conversion into twist in the
slow-rise phase, both support the occurrence of the Kl after the
flux rope has become straight. The two simulations demonstrate
a scenario that enables the Kl in a system which is driven signifi-
cantly beyond the threshold of the instability by the straightening
in the slow-rise phase, permitting a significant growth rate.
Fig. 11. Perspective and top view on magnetic field lines out-
lining the flux rope core in the simulation described in Jecl. 4.
(a): after the initial relaxation (time reset to= 0). The two
maxima of the flux rope axis have a height of D of the foot- The dominance of the nonlocal writhe over the local writhe for
point separation an® = —7/3.5. (b) and(c): in the course of tall curves discussed in SeCt. 2.3 provides the possibility of esti-
the eruption, at = 554 and 64a, respectively. The writhe is mating the writhe of rotating filaments that erupt near Sun cen-
W = -0.07, 001, and-0.15 (from left to right). ter even if no 3D observations are available. When the filament
has reached a fiicient height, the writhe can be approximated
by the nonlocal writhe (see Fifll 9a). The latter can easily be
from the curves discussed in Sdct]2.3, since also here the atisained from Eq.[{4) by inserting the observed rotation angle
bends opposite to the overall S close to the flux rope footpoin(gig.[3b). For this estimate, one has to verify that the erupting
However, only the sign of the writhe is important for the presefitament does not possess a dip in its upper part in the relevant
discussion. height range.

As the converging flows are applied, the flux rope first rises Limb observations of erupting filaments and prominences do
slowly in response to the progressive weakening of the tensioot indicate the presence of such a dip. We can ask under which
of the overlying potential field. Aftet ~ 457, it accelerates circumstances a central dip in an erupting flux rope might occur.
rapidly, most likely due to the onset of the Kl or TI (we refrairin the simulation described in Sett. ¥.3, the flux rope has a dip
here from a detailed investigation of the acceleration mecharior to eruption. As the rope rises, the dip disappears early in
nism). As the rope rises, its shape first straigthens out, simithe evolution, long before the rope reaches a height where the
to the filament eruptions shown in F[g.]10, and the axis writhonlocal writhe dominates the local writhe (Fig] 11b). A dip in
goes to zero. At the state shown in Figl 11b-(557,), the axis the central part of a flux rope will naturally develop if the rope

5.‘4. Writhe estimate for rotating eruptive filaments
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Fig. 12. Snapshots of two simulations of kink-unstable flux ropes with an initial average twibt-ef-11r. Magnetic field lines
outlining the flux rope core as well as contours of the normal magnetic field in the bottom plane are(sholwitial configuration.
(b): Upward kinking flux rope(c): Downward kinking flux rope.

is kink-unstable and is perturbed such that its apex moves down- (1) The relation between writhe and projected S shape of a
ward, as in the simulation shown in Flg. 6a. However, in thisurve with both end points in a planerist unique. It depends on
simulation the rope does not erupt, rather its central part is cdhe height of the curve and on the presence or absence of dips.
tinuously moving downward while the remaining parts of th&herefore, in principle, care must be taken when associating a
rope do not ascend significantly. sign of writhe to an observed S shape on the Sun. However, we

It is well known that a kink-unstable flux rope can dedemonstrated that this ambiguity does nffeet low-lying fila-
velop more than one helical turn if it is Siciently twisted (e.g. ments, as long as their height remains below about 0.4 their foot-
lLinton et al. 1998). For a flux rope with two turns, a dip mighpoint distance, or soft X-ray sigmoids. This supports the estab-
form between the two helical turns. To check this, we performlished empirical rule which associates stable forward (reverse)
simulation similar to the ones described in Sdcts. 4.Tand 4.2, Bushaped structures low in the corona with positive (negative)
now we consider a very large initial flux rope twistdf= —11r helicity.

(Fig.[12a). As expected, the rope undergoes a strong helical de-(2) Kink-unstable erupting flux ropes transform a far smaller
formation. However, no dip forms in its central part. Rather, twivaction of their twist helicity into writhe helicity than often as-
dips develop along the legs of the rope, while its central patmed. The writhe and the number of turns of a helical object
ascends (Fig.112b). For such a configuration, care must be takl@fer in general. In particular, a simple leg crossing of a rising
when estimating the writhe from the apex rotation, since the afiment in sky projection can not be taken as evidence that the
rotation at the other extrema contributes to the nonlocal writ&ithe of the filament is close to unity.

as well. However, such a strong writhing is only very rarely ob- (3) Confined flux rope eruptions tend to show stronger writhe
served (see, e.§., Romano € 003 for a filament eruption taatow heights than ejective eruptions (CMEs), which acquire
corresponds quite well to the simulation in Fig] 12b). writhe over a larger height range. This argues against sugges-

When the simulation is repeated with a small, downward dions that the writhing facilitates the rise of unstable flux ropes
rected initial velocity perturbation, a remarkablyfdrent shape through the overlying field, and it implies that a significant ro-
is obtained. Now the rope develops a large dip in its central pagtion may occur in a larger fraction of CMEs than suggested
As in the simulation shown in Fifll 6a, the central section movey the apex rotation of associated erupting filaments low in the
downward. However, in contrast to that simulation, the remainerona.
ing parts of the rope now rise significantly (Hig] 12c). Still, they (4) Erupting filaments which are S shaped already before the
do not succeed in pulling the central part upward, that part ratfeguption and keep the sign of their axis writhe (which is expected
keeps moving downward until it hits the bottom plane—a situé-field of one chirality dominates the source volume of the erup-
tion never observed on the Sun. tion), must reverse their S shape in the course of the rise. In flux

One can construct a rising flux rope with dipped apex lppe topology, the initial straightening up to the reversal repre-
making it simultaneouslgtrongly unstable with respect to thesents a conversion of writhe into twist, which cannot be caused
KI and TI. While such a situation can be realized in laboratotyy the helical kink instability. However, the writhe conversion
and corresponding numerical simulations of filament eruptionan be a mechanism that triggers the instability after the straight-

8. Arnold et al. 2008), it appears very spening.
cial and, hence, unlikely to occur under solar conditions. (5) The writhe of rising loops of simple shape (which do not

We conclude that the writhe of erupting filaments can be relrave secondary maxima or minima) can be estimated from the
ably estimated from the apex rotation in the relevant height rangegle of rotation about the direction of ascent, once the apex
where the nonlocal writhe dominates, unless the filament deviekight exceeds the footpoint separation significantly. This pro-
ops a very particular shape with multiple maxima or minima. vides a convenient means to estimate the writhe of erupting fil-
aments which rise towards the observer, even if no 3D observa-
tions are available.

We emphasize that for flux tubes where the twist varies
The availability of 3D observations provided by tIS§EREO significantly with radius, the interplay between twist, writhe,
spacecraft, combined with recently developed analytical expresd helicity becomes morefiicult (Longcope & Malanushenko
sions, facilitates obtaining the writhe of helical structures in t2008). Usually an average of the twist over the cross section of a
solar corona. In order to explore the relevance of this quantitux tube is of interest, while the writhe is a property of a single
for coronal phenomena, we investigated how it relates to tfield line, in this context the reference field line of the twist.
projected shape of helical curves and measured its evolution in This work shows that writhe is a useful quantity in inter-
numerical simulations of ideal MHD flux rope instabilities. Oupreting S shaped coronal structures and in constraining eruption
results and their implications for stable and eruptive coronal ofmodels. It can straightforwardly be computed for numerical data
jects can be summarized as follows. and can often be estimated from observations. It has a range of

5. Summary
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further applications in solar physics, for example, the study @fsnak, B. 2008, Annales Geophysicae, 26, 3089
the dynamol|(Asgari-Targhi & Berdér 2009), of flux ropes rigwiliams, D. R., Torok, T., Démoulin, P., van Driel-Gesztelyi, L., & Kliem, B.

: ; 2005, ApJ, 628, L163

ing through the convection zone (e.g.. Linton et al. 1998), Al ies. A, R. & Mackay, D. H. 2009, ApJ, 699, 1024

of magnetic loops connectingftérent active regions, mcIudngurchyshyn V. 2008, ApJ, 675, L49

transequatorial loops (e. tal.2007). Zhou, G. P., Wang, J. X., Zhang, J., et al. 2006, ApJ, 651, 1238

Zirker, J. B., Martin, S. F., Harvey, K., & Gaizauskas, V. 1997, Sol. Phys., 175,
27
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